Phase matching is a critical requirement for coherent nonlinear optical processes such as frequency conversion and parametric amplification. Phase mismatch prevents microscopic nonlinear sources from combining constructively, resulting in destructive interference and thus very low efficiency. We report the experimental demonstration of phase mismatch-free nonlinear generation in a zero-index optical metamaterial. In contrast to phase mismatch compensation techniques required in conventional nonlinear media, the zero index eliminates the need for phase matching, allowing efficient nonlinear generation in both forward and backward directions. We demonstrate phase mismatch-free nonlinear generation using intrapulse four-wave mixing, where we observed a forward-to-backward nonlinear emission ratio close to unity. The removal of phase matching in nonlinear optical metamaterials may lead to applications such as multidirectional frequency conversion and entangled photon generation. N onlinear optics, the study of phenomena occurring when optical properties of a material are modified by the presence of light, plays a critical role in frequency conversion, nonlinear spectroscopy, and the generation of new light sources (1, 2). A major problem in nonlinear optics is the inherent phase mismatch between the interacting waves propagating inside the nonlinear materials. This effect originates from material dispersion and causes a lack of optical momentum conservation between the photons involved in the nonlinear process. The phase mismatch prevents the constructive addition of the nonlinear fields, resulting in destructive interference and poor generation efficiency. To increase the amounts of nonlinear light, a compensation technique must be used. The most widely used methods (Fig. 1A) include birefringent phase matching, angle phase matching, and quasi-phase matching (3-6). Implementing each technique poses a number of challenges. The birefringent phase-matching technique uses the polarization-dependent indices to match the phase velocities of the interacting waves, but it is limited to birefringent materials (1, 2). Angle phase matching uses geometrical alignments of the interacting waves to compensate the phases, but the noncollinear optical arrangement limits the interaction length (1, 2) . Quasi-phase matching cancels out the inherent phase mismatch using artificial momentum introduced by periodic and/or aperiodic poling of nonlinear crystals, which is restricted to certain nonlinear crystals and provides a limited range of mismatch that can be compensated. Moreover, all compensating schemes work only in a specific direction: either in the forward direction (3-6) or the backward direction (7, 8), but not both. This restriction arises because the phase-matching process represents a balance between the momenta of the photons involved in the nonlinear interaction-a balance that is disturbed when the momentum of one photon changes sign because of a direction change.
Phase matching is a critical requirement for coherent nonlinear optical processes such as frequency conversion and parametric amplification. Phase mismatch prevents microscopic nonlinear sources from combining constructively, resulting in destructive interference and thus very low efficiency. We report the experimental demonstration of phase mismatch-free nonlinear generation in a zero-index optical metamaterial. In contrast to phase mismatch compensation techniques required in conventional nonlinear media, the zero index eliminates the need for phase matching, allowing efficient nonlinear generation in both forward and backward directions. We demonstrate phase mismatch-free nonlinear generation using intrapulse four-wave mixing, where we observed a forward-to-backward nonlinear emission ratio close to unity. The removal of phase matching in nonlinear optical metamaterials may lead to applications such as multidirectional frequency conversion and entangled photon generation. N onlinear optics, the study of phenomena occurring when optical properties of a material are modified by the presence of light, plays a critical role in frequency conversion, nonlinear spectroscopy, and the generation of new light sources (1, 2) . A major problem in nonlinear optics is the inherent phase mismatch between the interacting waves propagating inside the nonlinear materials. This effect originates from material dispersion and causes a lack of optical momentum conservation between the photons involved in the nonlinear process. The phase mismatch prevents the constructive addition of the nonlinear fields, resulting in destructive interference and poor generation efficiency. To increase the amounts of nonlinear light, a compensation technique must be used. The most widely used methods ( Fig. 1A ) include birefringent phase matching, angle phase matching, and quasi-phase matching (3) (4) (5) (6) . Implementing each technique poses a number of challenges. The birefringent phase-matching technique uses the polarization-dependent indices to match the phase velocities of the interacting waves, but it is limited to birefringent materials (1, 2) . Angle phase matching uses geometrical alignments of the interacting waves to compensate the phases, but the noncollinear optical arrangement limits the interaction length (1, 2) . Quasi-phase matching cancels out the inherent phase mismatch using artificial momentum introduced by periodic and/or aperiodic poling of nonlinear crystals, which is restricted to certain nonlinear crystals and provides a limited range of mismatch that can be compensated. Moreover, all compensating schemes work only in a specific direction: either in the forward direction (3) (4) (5) (6) or the backward direction (7, 8) , but not both. This restriction arises because the phase-matching process represents a balance between the momenta of the photons involved in the nonlinear interaction-a balance that is disturbed when the momentum of one photon changes sign because of a direction change.
We show that the requirement for phase matching can be eliminated using a metamaterial with a zero refractive index. In a zero-index material (9) (10) (11) , the photons carry zero momentum and satisfy momentum conservation for any combination of photon directions, thereby allowing the nonlinearly generated waves to coherently build up in both forward and backward directions. We demonstrate the nonlinear dynamics through four-wave mixing (FWM) in a metamaterial with zero refractive index. Equal amounts of nonlinearly generated waves are observed in The most widely used methods for phase matching-birefringence phase matching, angle phase matching, and quasi-phase matchingallow compensation either in the forward or backward directions, but not both. (B to E) In contrast, a zero-index metamaterial creates a phase mismatch-free environment for nonlinear propagation, eliminating the requirement for phase matching. In the microscopic picture of nonlinear generation, each source coherently emits equally in both directions, acquiring a phase that is proportional to the refractive index [(B) and (C)] as it propagates. All of these sources add up coherently to generate the net nonlinear emission. In a zero-index medium (C), the radiations from all nonlinear sources acquire no phase as they propagate, guaranteeing a constructive interference and an increase of the signal in both directions with propagation length (E). In contrast, in a finite-index medium (B), the emission acquires phase as it propagates, leading to destructive interference when the process is not phase-matched. For example, in a degenerate four-wave mixing (FWM) process in which w signal ≈ w pump ≈ w idler , the sources destructively interfere in the backward direction (D), resulting in weaker backward emission. 
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Length both forward and backward propagation directions, matching well with the predictions from nonlinear scattering theory (12) . In contrast, the forward and backward FWM generations are drastically different for metamaterials with a positive or a negative index, as expected from phasematching considerations. Metamaterials allow us to tailor the linear electromagnetic response and introduce new regimes of interaction between radiation and matter (13) (14) (15) (16) (17) . The nonlinear properties of negativeindex metamaterials have been explored both theoretically (18) (19) (20) (21) and experimentally (22) (23) (24) (25) (26) . The rich nonlinear dynamical behavior in metamaterials promises the realization of novel effects such as backward mirrorless parametric amplification (18, 19) , novel quantum switches (20) , and cavity-free microscopic optical parametric oscillators (21) .
To illustrate the phase mismatch-free nonlinear wave interactions in a zero-index material, we consider a degenerate FWM process in which the pump, signal, and idler photons have approximately the same wavelength (w signal ≈ w pump ≈ w idler ). In this process, the phase (momentum) mismatch in the forward and backward propagation directions can be expressed as
where the plus and minus subscripts represent the forward and backward directions, respectively. In a conventional degenerate FWM system, when one of the propagation directions, say the forward direction, is perfectly phasematched (i.e., Dk + → 0), the phase is then poorly matched in the backward propagation direction where Dk -≈ 2|k idler |. For a metamaterial with a zero refractive index at the idler frequency, however, the phase mismatch in both the forward and backward directions is zero. This important distinction between forward and backward nonlinear propagation allows us to explore nonlinear generation for negative-, positive-, and zero-index regimes. We expect that in the case of negative or positive index, because Dk + → 0 while Dk -≠ 0, the generated forward light is accumulated in phase while the generated backward light is not, thus causing the degenerated FWM intensity to grow monotonically for the forward direction and to oscillate for the backward direction (Fig. 1, B and D) . In contrast, in the zero-index regime, Dk + → 0 and also Dk -→ 0, making both the generated forward light and backward light accumulate in phase, having the same yield in the forward and backward directions ( Fig. 1 , C and E). This is in stark contrast to nonlinear generation in negative-index materials, where the phase mismatch parameter has a finite value (18) (19) (20) (21) . A phase mismatch-free zero-index material allows the nonlinear process to be efficient regardless of directionality, and the need to carefully balance between the momenta of the waves involved in the nonlinear interaction is eliminated. In our experimental realization, the pump pulse has a positive Poynting vector in the material, so the direction of energy flux is the same as in free space. In contrast, the nonlinear emission has an energy flux in both directions, with the relative amounts influenced by the phase matching. The refractive index controls the direction of the phase velocity and canonical momentum relative to the direction of the energy flux (13, 27) , which influences the direction of energy propagation through the phase matching. In a zero-index medium, as seen, the energy flux in both directions is equal. Relative to the poorly phase-matched case, more energy will be extracted from the pump in a zero-index material. Figure 2A shows the experimental apparatus for single-shot FWM, which allows intrapulse wave mixing between the different spectral components of ultrashort pump laser pulses (28) . Before impinging on the samples, the transformlimited pump pulse is amplitude-shaped to remove the long-wavelength tail in the spectral domain. The generated intrapulse FWM is measured in both forward and backward directions within this filtered spectral regime. This method eliminates the need to overlap two laser pulse temporally and spatially, and maximizes the nonlinear yield (see fig. S3 ). An example measurement spectrum (Fig. 2B) shows both the generated FWM signal and the pump with their relative strengths. Note that the pump is far from depleted by the nonlinear process, as evident from the much weaker FWM signal than that of the pump.
Operating in the weak-field regime (the generated intensity of the idler is on the order of 10 -5 of the pump intensity) allows us to analyze the experimental observations with a perturbative approach. We verify the nonlinear origin of the emission by measuring the cubic scaling with pump power and quadratic spectral phase dependence (see supplementary materials).
We have chosen the fishnet metamaterial structure (9), a stack of metal-dielectric multilayers with perforated holes (Fig. 2) . Fishnet metamaterials are widely used negative-index materials at optical frequencies because of their low loss, well-understood linear properties, and robust fabricability. Our fishnet metamaterial consists of 20 alternating 30-nm gold and 50-nm magnesium fluoride layers on a 50-nm-thick silicon nitride membrane. The magnetic moments (created by the antiparallel currents in neighboring conductive layers) and the electric responses of the perforated metallic thin films provide a positive, zero, or negative refractive index regime, depending on the wavelength. We measured the transmission and refractive index by spectrally and spatially resolved interferometry (29) , which measures simultaneously the phase for an ultra-broadband optical range to an accuracy of greater than l/300 ( fig. S1 ). The zero crossing of the index is approximately 1325 to 1340 nm for the sample with period of 750 nm . The pulse is passed through a fishnet metamaterial, which generates a FWM nonlinear signal (green) in the backward and forward directions because of a third-order nonlinearity. The FWM signals are measured in an infrared spectrometer after filtering the pump pulse. The forward emission is measured without the flip mirror (M4). An analyzer is used before the spectrometer to control the detected polarization; a half-wave plate (not shown) controls the pump polarization. (B) An example measurement of the emission spectrum, showing both the generated FWM signal (green) and the filtered pump (red). The pump is undepleted by the nonlinear process, as evident by the much weaker FWM signal than that of the pump (the magnitude of the FWM is~10 −5 times the pump intensity), justifying the use of the perturbative approach in our analysis. (C) Scanning electron micrograph of the cross-fishnet structures. Inset shows an angled view. See supplementary materials for details of the single-shot FWM method. and cross lateral holes of dimensions 475 nm × 175 nm (Fig. 2C ). Using the measured refractive index values of the fishnet structures, the phase mismatch values can be calculated as a function of wavelength for forward and backward propagation (Fig. 3A) . The forward phase mismatch is Dk + → 0 for all wavelengths, whereas Dkhas different values across the zero-index wavelength. However, in the wavelength regime of zero refractive index (~1330 nm), both the forward and backward directions are phase mismatch-free.
The intrapulse FWM signal in the zero-index regime (where the refractive index changes its sign) is shown for both the forward and the backward directions (Fig. 3B) . The observed nonlinear yield is about the same in both directions. In contrast, in the negative-index regime, the intensities of the degenerate FWM signals in the opposite propagation directions are distinctly different (Fig. 3C) . Because of the low transmission at 1530 nm, a different fishnet metamaterial with 800-nm period and perforated hole size of 560 nm by 250 nm was used. The zero crossing of the refractive index is at~1460 nm and the refractive index is -0.5 at 1530 nm (fig. S1 ). The relative strength of the forward and backward FWM waves correlates with the predicted phase-matching difference for zero and negative indices, as illustrated in Fig. 1 . In particular, at the zero refractive index, the observation of a forward/backward FWM ratio of unity indicates phase mismatch-free nonlinear interaction for both directions. Low transmission loss is critical for observing the effects of phase matching. High losses can also strongly affect the ratio of the forward and backward nonlinear emission for positive-, negative-, and zero-index regimes. Loss decreases the overall nonlinear emission and, because of the shorter propagation length of backward emission, increases the backward emission relative to the forward. The fabricated fishnet has a relatively low loss in the zero-index regime, allowing us to observe the effects of phase matching rather than absorption.
The phase mismatch-free nonlinear generation can be further demonstrated by measuring the nonlinear emission as a function of the polarization angle of the pump for the forward and backward FWM, shown in the insets of Fig. 3 , B and C, for the zero-index and negative-index materials, respectively. The relative strength between the forward and backward nonlinear waves in the zero-index region is again about the same for all polar angles, whereas in the negative-index regime, the forward nonlinear waves remain stronger than the backward for all polarizations. The polarization-dependent FWM (with a horizontally polarized analyzer) matches well the analytical curve of cos 6 q, a characteristic response of a third-order nonlinearity intensity signal. This angular dependence is particularly important, as it means that the nonlinearity originates from the light that is coupled into the metamaterial (see supplementary materials).
A numerical simulation of the dynamics as a function of thickness around the zero index predicts a ratio of unity for forward/backward nonlinear emission ( fig. S2A ), whereas in the negative-index regime, the forward generated nonlinear signal has a much higher yield than that of the backward signal ( fig. S2B ) for a thick fishnet of 20 layers. In contrast, for thin fishnets (fewer than five layers), the forward/backward ratio is unity regardless of the index of refraction, indicating that phase matching is not important in these structures (23) (24) (25) (26) . The nonlinear simulation is performed with nonlinear scattering theory (12) , which calculates the nonlinear properties using the linear results from a full wave simulation of the metamaterial, taking into account the fabricated structure geometry and material losses. To further confirm that phase plays a dominant role in the dynamics with respect to loss or surface effects, we artificially removed the phase mismatch in the nonlinear simulation while keeping loss, thus forcing all waves to add up constructively. We found that the behavior in the zero-index region is unchanged, indicating that phase matching plays little role. In contrast, in the negative-index region, the forward and backward emissions became nearly equal, indicating that phase matching is critical in this region. Note that perfect phase matching using a zero refractive index is different from quasi-phase matching (4, 22) , in which the effective momentum supplied by a periodic structuring is used to compensate for a phase mismatch. In these experiments, the subwavelength spacing of the layers (80 nm) does not provide sufficient effective momentum to phase-match the backward nonlinear generation (see fig. S7 ).
The concept of phase mismatch-free nonlinear interaction in zero-index materials provides a new degree of freedom in controlling the nonlinear dynamics in a metamaterial and can be further explored in other nonlinear processes such as coherent Raman spectroscopy for remote sensing applications or spontaneous parametric downconversions for entangled photon generation. The design of multivalued or broadband zeroindex materials opens the opportunity to achieve phase mismatch-free dynamics for simultaneous nonlinear processes. www.sciencemag.org SCIENCE VOL 342 6 DECEMBER 2013
